A series of 9-aryl-hexahydroacridine-1,8-diones are synthetized with good to excellent yields (50-99%) via a one-pot fourcomponent reaction of dimedone, aromatic aldehydes and ammonium acetate in the presence of 4 Å molecular sieves modified with iron(III) as an efficient heterogeneous catalyst, in ethanol. The process offers the advantages of high yields, mild reaction conditions and easy work-up procedure. The catalyst can be reused without significant loss of activity. 
Introduction
During the past years, multicomponent reactions (MCRs) have emerged as valuable and efficient tools in the hands of synthetic organic chemists, since they have several advantages over the classical synthetic strategies. MCRs provide complex organic compounds in a single step using simple and readily available substrates without the isolation of any intermediates under shorter reaction times, yielding less side products with lower energy consumption and waste production, thus leading to environmentally more friendly processes [1] .
Acridinediones are a highly important class of organic compounds, since they possess a wide range of pharmaceutical and biological activities such as a positive ionotropic effect promoting the entry of calcium to the intracellular space [2] , anticancer activity [3] , enzyme and tumour cell inhibition [4] , antimicrobial activity and cytotoxicity [5] . They have structural similarity to 1,4-dihydropyridines (1,4-DHPs), which are well known intermediates in the synthesis of several pharmaceuticals including those for the treatment of hypertension and cardiovascular diseases [6] . Acridine-1,8-diones can also be used as laser dyes with very high lasing-efficiencies [7, 8] .
Due to their importance, several strategies have been developed for the synthesis of 9-aryl-acridine-1,8-diones, including the thermal reaction of dimedone, different aromatic aldehydes and aqueous ammonia in ethanol [9] , the microwave-irradiation-aided solvent-free reaction of dimedone and an aldehyde using alumina supported ammonium acetate and catalytic N,N-dimethylformamide [10] , or ammonium bicarbonate [11] , in water under microwave irradiation [12] , and in pure water without any additives [13] . The use of ionic liquids alone [14, 15] and in the presence of CeCl 3 ·7H 2 O [16] was also reported for this conversion. Numerous protocols have been developed for the synthesis using different catalysts. As homogenous catalysts, CuSO 4 ·5H 2 O [17] and ceric ammonium nitrate and PEG [18] are described for the synthesis, and we can also find examples for heterogeneous catalysts such as HY-Zeolite [19] , carbon-based solid acid (CBSA) [20] , Fe 3 O 4 @SiO 2 @ Ni-Zn-Fe LDH [21] , mesoporous silica nanoparticles (MSNs) [22] , and Fe 3 O 4 @SiO 2 nanoparticles [23] .
Although the reported methods have their own advantages and limitations, a simple, easily accessible and reusable heterogeneous catalyst may have a synthetic importance.
The main research profile of our group is to elaborate new heterogeneous catalytic methods for the preparation of organic compounds in the presence of supported metal catalysts. Several metals have been used successfully in different organic syntheses, such as palladium [24] [25] [26] [27] , nickel [28] , copper [29] [30] [31] [32] , titanium [33, 34] , lanthanum [35, 36] and zinc [37] on different supports (Mg:La 3:1 mixed oxide, 4 Å molecular sieves). In this paper we present a simple method for the one-pot four-component synthesis of 9-arylacridine-1,8-dione derivatives from dimedone, aldehydes and ammonium acetate in the presence of a slightly basic, 4 Å molecular sieves-supported iron catalyst (Fe 3+ /4A).
Experimental
Morphology of the catalyst samples was investigated by a JEOL 6380LVa (JEOL, Tokyo, Japan) type scanning electron microscope and elemental mapping was also accomplished using the energy-dispersive X-ray detector of the equipment. Each specimen was fixed by conductive doublesided carbon adhesive tape and sputtered by gold (using a JEOL 1200 instrument). Applied accelerating voltage and working distance were between 15 and 30 kV and 10 and 12 mm, respectively. In the case of the comparison of the fresh and the used catalysts, the samples were examined without sputtering with gold and were not fixed on a carbon tape.
The nitrogen adsorption/desorption isotherms were measured at − 196 °C with a computer-controlled Nova 200e (Quantachrome) instrument. The apparent surface area (S BET ) was calculated using the Brunauer-Emmett-Teller (BET) model. The total pore volume (V t ) was derived from the amount of vapour adsorbed at p/p 0 → 1, assuming that the pores were already filled with liquid adsorbate. The micropore volume (W 0 ) was derived from the Dubinin-Radushkevich (DR) plot. Prior to the adsorption measurement, the samples were evacuated at 110 °C for 24 h. 1 H and 13 C NMR spectra were made on BRUKER Avance-500 instrument using TMS as an internal standard in CDCl 3 . All compounds and solvents were purchased from Merck Hungary Ltd.
Preparation of the Catalyst
Four Angstrom molecular sieves (4A) were impregnated with FeCl 3 × 6H 2 O as follows: 1 mmol of the metal salt was dissolved in 100 ml of deionised water and stirred with 1 g 4A at room temperature for 24 h. The solid was filtered, washed with deionised water and with acetone, then dried in an oven at 150 °C for 1 h. Samples were heated at 120 °C for 1 h before the reaction.
Determination of the pH of the Catalyst
The catalyst (1 g) was stirred in 30 mL deionised water under continuous measuring of the pH. The values were accepted after reaching a constant value at least during 10 min.
Typical Reaction Conditions

General Procedure for the One-Pot Synthesis of Acridinedione Derivatives
A typical reaction was carried out in a 10 mL flask. Dimedone (2 mmol), aldehyde (1 mmol), ammonium acetate (3 mmol), Fe 3+ /4A (0.1 g) and ethanol (3 mL) were stirred at reflux temperature for 14 h. The progression of the reaction was monitored by TLC. After completion, the solid was filtered, and washed with ethanol, then the filtrate was evaporated. The residue was extracted with dichloromethane and 0.25 M NaOH solution. The organic phase was dried over anhydrous sodium sulphate, filtered and the solvent was evaporated. The product was subjected to 1 H and 13 C NMR spectroscopy.
All products have satisfactory spectral data ( 1 H and 13 C NMR). The spectral data of the known compounds were identical with those reported in the literature. -3,3,6,6-tetramethyl-3,4,6,7,9,10- 
Characterisation of the Products
9-Phenyl
Results and Discussion
We investigated the structure of the Fe 3+ /4A catalyst by scanning electron microscopy (SEM). During the impregnation procedure the molecular sieves support preserved its characteristic cuboctahedron shape as can be seen on Fig. 1 . The average particle size ranged from 6 to 8 μm, and the particles are well defined both in shape and size. The iron is evenly distributed on the surface of the support, EDS measurement showed 5.14 w/w% iron on the surface. The iron content of the catalyst determined by ICP-OES is concordant with the theoretical value (5.3 w/w%), thus it can be concluded that the metal is mainly situated on the surface of the support. The nitrogen adsorption/desorption measurements showed a considerable decrease in the surface of the support as well, the specific surface of 4A dropped from 800 to 106.065 m 2 /g. The total pore volume of the molecular sieves altered from 0.3 to 0.11 cm 3 /g, the micropore volume was 0.022 cm 3 /g. The catalysts pH value is 8.42, so it is in the slightly basic region.
Recently, we reported the efficient synthesis of polyhydroquinolines via Hantzsch reaction in the presence of a molecular sieves supported lanthanum catalyst [36] . As acridinediones are structurally similar to 1,4-DHPs, first we tested our La 3+ /4A catalyst in the synthesis of 9-aryl-acridine-1,8-dione derivatives. As a model reaction, we investigated the reaction of dimedone, 4-chlorobenzaldehyde and ammonium acetate applying the previously elaborated reaction conditions. With the use of 1.5 mmol ammonium acetate, the yield of the desired product was only 67%, hence we attempted to increase the yield of the product applying excess of ammonium acetate. The results are summarised in Table 1 .
Since the yields were not satisfactory, we investigated the model reaction applying other molecular sieves supported metal catalysts. The results are shown in Table 2 .
The best result was obtained with Fe 3+ /4A, the desired product was formed with complete conversion (99% isolated yield, Table 2 , entry 7). In the case of the Cu 2+ /4A catalyst, the metal dissolved into the reaction mixture from the surface of the support probably because of a complex formation between copper and ammonium acetate, thus contaminated the product. Titanium, zinc and zirconium were less active; while in their 1 H NMR spectra small impurities could be detected.
Based on the reaction conditions elaborated, a wide range of aromatic aldehydes were reacted with dimedone and ammonium acetate in the Fe 3+ /4A catalysed one-pot synthesis of 9-aryl-acridine-1,8-diones. The results are summarized in Table 3 .
Benzaldehyde and other substituted aromatic aldehydes containing electron-withdrawing or electron-donating groups were tested in the reaction and gave the desired product in good to excellent yields. There was no significant substituent effect observed; only the nitro-derivatives (Table 3 , entries [12] [13] [14] showed slightly weaker reactivity. In the case of the 2-nitro-derivate, another product could be isolated from the reaction mixture, which, based on the NMR spectra, proved to be the enol form of the desired product. The structure of this enol form can be seen on Fig. 2 . This form might be stabilized by the H-bond formation between the hydroxyl and the nitro groups.
As an example for aliphatic aldehydes, we examined the reaction of butyraldehyde (Table 3 , entry 15), that gave the desired product with moderate yield, no secondary product was observed. We also investigated the applicability of heteroaryl aldehydes (furfural, thiophene-2-carbaldehyde) in the condensation reaction, but in these cases complex reaction mixtures were formed.
We propose a plausible mechanism for the synthesis of 9-aryl-acridine-1,8-dione derivatives involving a Knoevenagel condensation, a Michael addition, and an intramolecular ring closure in the presence of a 4Å molecular sieves-supported iron catalyst (Scheme 1). The mechanism is similar to the one described by Dam et al. [23] . We have identified two intermediates, thus the Knoevenagel intermediate (D) could be detected in the GC-MS and NMR spectra when the reaction was interrupted before completion. When the reaction was carried out in the absence of ammonium acetate, intermediate E could be isolated. The role of the iron might be to facilitate the reaction steps through the coordination of the heteroatoms in the transition states. The workup of the reaction mixtures was rather simple; at the end of the reaction the catalyst was filtered out and washed with ethanol. The filtrate was evaporated, and the crude product obtained was extracted with DCM and 0.25 M NaOH solution. The organic phase was dried over anhydrous sodium sulphate, filtered and the solvent was evaporated.
The reusability of the catalysts was examined in the reaction of dimedone, 4-chlorobenzaldehyde and ammonium acetate. After 14 h reflux, the reaction mixture was worked up as described above, then the catalyst was heated at ca. 150 °C for 1 h. The catalyst was reused in two more runs without the significant loss of its activity. The yields in the 1st, 2nd and 3rd runs were 99, 98 and 98%, respectively. These results clearly demonstrate the reusability of the Fe 3+ /4A catalyst. The use of a heterogeneous catalyst often induces a dispute over whether the reaction takes place on the solid surface of the catalyst or in the liquid phase through the leaching of the metal. To determine the heterogeneous or homogeneous nature of the reaction, we used the hot filtration test. The reaction is interrupted; the catalyst is filtered out, than the filtrate is reacted further. In case of the leaching of the metal, the conversion necessarily increases further, otherwise the reaction stops without the catalyst. We carried out the hot filtration test in the reaction of dimedone, 4-chlorobenzaldehyde and ammonium acetate. After 5 h the catalyst was filtered, the filtrate was divided into two fractions, one was worked up, and the other was reacted further for the rest of the reaction time. After 14 h, the latter one was worked up as well. The two fractions were subjected to 1 H NMR spectroscopy. There was no difference between the two spectra, thus the leaching of the metal was not observable.
In order to evaluate the efficiency of our catalyst with respect to the previously reported catalysts for the preparation of acridinedione derivatives, we compared our results with the methods reported in the literature for this synthesis. The comparison is shown in Table 4 . In contrast to the homogeneous catalysts, e.g. CuSO 4 ·5H 2 O and CAN, a heterogeneous catalyst has several advantages; it can be easily separated from the reaction mixture thus the product is not contaminated by the catalyst. Although solvent-free methods have been described, during the isolation and purification of the products, solvents had to be applied and the preparation of the catalysts have often been a complex procedure consisting of several steps (e.g. CBSA, Table 4 , our Fe 3+ /4A catalyst is competitive with the published catalysts taking into account its efficacy and the simplicity of its preparation and the yield obtained. Further advantage of our catalyst, that it is reusable several times without any regeneration and without loss of activity.
Conclusions
In conclusion, iron on 4 Å molecular sieves support proved to be efficient catalyst for the one-pot, four-component synthesis of 9-aryl-acridine-1,8-dione derivatives under mild, slightly basic conditions. The desired products were formed with good to excellent yields (50-99%). The preparation of the catalyst is very simple and it can be reused several times without the significant loss of its activity.
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